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ABSTRACT
The realized dangers of genetic erosion in plant genetic resources have prompted political and scientific movements around the world to conserve plant genetic resources over the last 50 yr. More than 7 million plant germplasm accessions are currently conserved in 1750 genebanks worldwide, and about two million accessions are estimated to be unique. The International Treaty on Plant Genetic Resources for Food and Agriculture was established to conserve and utilize these plant genetic resources. However, long-term conservation of such a large volume of diverse germplasm remains a challenging mission. Many critical issues affecting genebank sustainability have emerged. Of note are the vulnerability of genebanks and the risk of within-genebank genetic erosion through genetic drift and viability selection. Here, we review the overall conservation efforts over the last 50 yr, analyze the critical issues in genebanks, and identify the elements that threaten long-term germplasm conservation. Measures are explored with the hope to mitigate variable threats for genebank sustainability and to secure a food supply for humanity for generations to come.
conserve irreplaceable germplasm and secure food supply for humanity for future generations (Fowler, 2008) . However, the risk of genetic erosion through genetic drift and nonrandom viability selection within genebanks and the vulnerability in the conservation of such a large volume of germplasm have not been adequately addressed (FAO, 1998 (FAO, , 2010 Westengen et al., 2013; Brown and Hodgkin, 2015) . Genebanking represents the most cost-effective ex situ conservation strategy (Li and Pritchard, 2009 ) and was developed for the storage of predominantly orthodox seeds to maintain (in perpetuity) the allelic integrity and identity of a sample (Frankel and Soulé, 1981) . Thus, a genebank not only requires essential infrastructure for short-and long-term seed storage, but also the efficient management of germplasm from safety backup to regeneration and characterization, germplasm distribution, and data management (Engels and Visser, 2003) . It also requires sufficient funding for staffing, information technology (IT) infrastructure for information systems, and supportive research to develop technologies to improve genebank operations and maintain germplasm integrity. Altogether, germplasm conservation over the long term not only represents a technical and scientific challenge, but also the management, use, and exchange of these resources are imbued with socioeconomic, legal, political, and ethical implications (Esquinas-Alcázar, 2005) . Many critical issues affecting germplasm conservation and utilization have emerged (Hawkes et al., 2001; Hammer, 2004; Esquinas-Alcázar, 2005; Khoury et al., 2010; Engelmann and Rao, 2012; Dulloo et al., 2013) . Long-term genebank sustainability is questioned (Zohrabian, 1995; Imperial College Wye, 2002; Perrino, 2005a; Qualset and Shands, 2005) .
In this review, we briefly examine the history of the international germplasm conservation efforts, analyze the critical issues present in worldwide genebanks, identify the elements that threaten long-term conservation of plant genetic resources, and explore the measures to mitigate variable threats to germplasm conservation. It is our hope that this review will attract due attention to some fundamental issues in germplasm management and appeal for more efforts to develop a sustainable genebank system.
A BRIEF HISTORICAL VIEW OF GERMPLASM CONSERVATION
Current plant germplasm conservation efforts are rooted in the realization of genetic erosion of crop genetic resources on agricultural farms introduced by modern plant breeding (Baur, 1914; Harlan and Martini, 1938; Frankel and Bennett, 1970; Harlan, 1972; Brush, 1999; Scarascia-Mugnozza and Perrino, 2002; Hammer and Teklu, 2008; Fu and Somers, 2009 ). The irreversible loss of innumerable heterogeneous traditional farmers' varieties as a result of the planting of uniform, high-yielding varieties on the farms was evident before World War II (Baur, 1914; Harlan and Martini, 1938) and accelerated after the war (Harlan, 1975) . The alarm of vanishing crop genetic resources was sounded internationally in 1961, and the need was realized to design pragmatic and centrally coordinated efforts to counter genetic erosion while assembling genetic resources for breeding purposes (Pistorius, 1997) . The landmark conference sponsored by the International Biological Program and FAO in 1967 helped to lay the foundation for modern genetic resources conservation efforts (Frankel and Bennett, 1970) . In 1971, the Consultative Group on International Agricultural Research (CGIAR) was established under joint sponsorship of the World Bank, FAO, and UN Development Program. At the same time, the widespread infestation of US hybrid corn produced using cytoplasm male sterility with southern corn leaf blight caused considerable yield loss in US corn production (Ullstrup, 1972) , and crop vulnerability due to crop uniformity was realized (Harlan, 1972; National Academy of Sciences, 1972) . These events helped to catalyze the political movement to collect and conserve plant genetic resources (Harlan, 1975) . In 1973, the action plan "Crop Genetic Resources for Today and Tomorrow" (Frankel and Hawkes, 1975) was developed to provide specific scientific, technical, and organizational solutions to start programs to collect and conserve threatened genepools. Due to political considerations, however, these conservation actions required genebank policies associated with economics, use, and access (Frankel, 1987; Pistorius, 1997) . Extensive international consultations and negotiations were made towards the International Undertaking on Plant Genetic Resources from 1974 to 1993. With the ratification of the Convention on Biological Diversity (CBD) in 1992, considerable awareness was raised about the importance of conserving biodiversity, its sustainable use, and the need for equitable benefitsharing arrangements (Engels, 2004) . Consequently, large international efforts were made to conserve biodiversity, including plant genetic resources, and many seed genebanks were established. Renegotiations to align with the CBD in 1993 to 1994 produced the first international binding agreement and the adoption in 2001 of the legally binding ITPGRFA (Esquinas-Alcázar, 2005) . The objectives of the ITPGRFA are the conservation and sustainable use of all plant genetic resources for food and agriculture and equitable sharing of benefits that arise from their use.
The detailed history of germplasm conservation has been well documented by Pistorius (1997 ), Loskutov (1999 , and others (Frankel, 1987; Brush, 1999; ScarasciaMugnozza and Perrino, 2002; Engels, 2004; Damania, 2008; Hammer and Teklu, 2008) . Our brief historic account here provides us with several points. First, the international conservation effort has made a significant achievement with the conservation of 7.4 million US$20.443 million (Clark et al., 1997) and in 2015 to 2016, to keep 591,085 accessions alive, (Kurtz et al., 2015) was around $45 million. Taking into account the agricultural research deflator, the true budget increase over the 21 yr was only 17%, whereas the germplasm increase was 32.6% (P. Heisey, personal communication, 2016) . Similarly, the Global Crop Diversity Trust (or the Crop Trust) was established under international law as an independent organization with an initial target of $260 million endowment in October 2004. As of 2015, its endowment fund was roughly $180 million, with an investment income of $1.5 million in 2015, whereas maintaining the CGIAR's 11 international genebank collections of 745,000 accessions alone cost the Crop Trust about $15 million in 2015 (Global Crop Diversity Trust, 2015) .
To illustrate the severity of budget constraints on genebanks worldwide, we generated approximate numbers of public investments required to conserve a fixed volume of germplasm accessions "in perpetuity." Specifically, we show in Fig. 1 the levels of endowment funds required to ensure the long-term conservation of the CGIAR's 745,000 accessions, current world 7.4 million accessions, and the projected 10 million accessions in the next two decades, assuming a variable interest rate of 1, 2, 3, 4, or 5% and four annualized costs per accession ($3.3, 15, 33, and 60) . The required endowment fund for the CGIAR's accessions with reasonable annualized cost of $15 accession −1 may range from $0.22 to 1.12 billion, depending on the annual interest rate (Fig. 1a) . Thus, the current level of endowment fund in the Crop Trust is not adequate to provide an investment income to cover the required conservation cost. Similarly, the endowment fund required for the current 7.4 million accessions with reasonable annualized cost of $15 accession −1 would range from $2.23 to 11.11 billion (Fig. 1b) , and for the projected 10 million accessions from $3 to 15 billion (Fig. 1c) . The required endowment fund is calculated to generate annual investment interest with an annual interest rate of 1, 2, 3, 4, or 5% to support the cost of conserving the fixed volume of germplasm with an annualized cost per accession ($3.3, 15, 33, or 60) . The range of the annualized cost per accession for different types of germplasm (representing selfing and outcrossing species and clonal materials) was used to project the scope of the required endowment funds. These annualized costs were obtained from published reports ( Jarret and Florkowski, 1990; Epperson et al., 1997; Pardey et al., 2001; Koo et al., 2004; Hawtin et al., 2011; Singh et al., 2012; Schreinemachers et al., 2014) and based on the methodology developed with accounting principles (Koo et al., 2002 (Koo et al., , 2003a (Koo et al., , 2003b (Koo et al., , 2004 Horna, 2010) . However, the magnitude of the required public investments illustrated here should be used only as a guide and with caution, as the precise level of the required endowment fund to support long-term accessions, and focus has now changed from germplasm acquisition to sustainable conservation. Second, many conservation efforts in the last 50 yr were largely politically influenced (Pistorius, 1997) , policy implemented (López Noriega et al., 2013) , action driven (Frankel, 1987) , and not fully science based (Spooner, 1999) . A roadmap for a sustainable genebank system has not yet been developed (Virchow, 1999; Hawkes et al., 2001; Walters et al., 2008; Li and Pritchard, 2009 ). Funding and long-term collaborative structure are unstable (Qualset and Shands, 2005; Westengen et al., 2013) . Third, many fundamental questions on genebanks have not been seriously raised and fully addressed (Hawkes et al., 2001; Khoury et al., 2010 
ANALYSIS OF CRITICAL ISSUES IN GENEBANKS
To understand the challenges of genebank operations, particularly those that may carry hidden risks for long-term germplasm conservation and utilization, we performed an analysis of critical issues in germplasm conservation through issue review and ranking according to their reasoned degrees of challenge. The issues were assembled from published reports, reviews, news, personal communications, and observations on the global genebank development. The 10 most challenging issues were identified and presented in the descending order of challenge below.
C1: Genebanks around the World are Generally Underfunded
Several studies in 1995 to 1997 concluded that most genebanks lacked sufficient funds, facilities, and staff to maintain their germplasm collections (Zohrabian, 1995; FAO, 1996; US GAO, 1997; Clark et al., 1997; Rubenstein et al., 2005) . More than 20 yr later, the conclusion remains largely unchanged, given the increased volume of germplasm conserved in genebanks (Imperial College Wye, 2002; Qualset and Shands, 2005; Li and Pritchard, 2009; Global Crop Diversity Trust, 2015) . Genebank managers are still under the pressure of budget constraints from their governments to do more with less through prioritizing genebank activities and to minimize the impact on long-term conservation effort (CGIAR, 2012) . Taking the USDA NPGS as an example, its operation budget in 1994 to maintain 445,879 germplasm accessions was germplasm conservation remains to be determined. The calculation of conservation costs in a genebank is a very difficult and complex task (Virchow, 1999 (Virchow, , 2003 Koo et al., 2004; Rubenstein et al., 2005) , and the annualized costs per accession estimated for different types of plant germplasm varied widely from $3 (for wheat [Triticum aestivum L.] germplasm) to $650 (for banana [Musa spp.] germplasm) ( Jarret and Florkowski, 1990; Singh et al., 2012; Schreinemachers et al., 2014) .
The public investment as illustrated with the required endowment fund for long-term conservation seems to be large, but it is justified if the benefit of conserving these valuable genetic resources is considered, including human food security as social welfare for future generations (Qualset and Shands, 2005; Fowler, 2008; Johnson, 2008; Li and Pritchard, 2009; Atalan-Helicke, 2012; The Economist, 2012) . For example, Pimentel et al. (1997) (Simpson and Sedjo, 1998; Frisvold et al., 2003; Simpson, 2005; Foltz, 2009) . Without sufficient public investment to secure germplasm conservation for enhanced diversification in plant breeding, future history will likely repeat the 1970 to 1971 economic loss of $1 billion dollars (or current value of $3.8 billion) alone from the southern leaf corn blight epidemics (Harlan, 1972; Ullstrup, 1972) .
C2: Regeneration Backlogs and Genetic Integrity Loss
Seed viability test and germplasm regeneration are required to maintain long-term seed survival and germplasm integrity, but they are costly activities requiring laboratory, land, labor, material resources, and complex planning (Sackville Hamilton and Chorlton, 1997; Koo et al., 2004) . Lack of adequate funds and resources including skilled staff are the major impediments to successful regeneration of genebank collections. For example, regenerating the whole CIMMYT wheat collection of 150,000 accessions would require up to 13 yr with annual resource-allowable regeneration capability of 12,000 accessions. Regular viability testing was not performed in many genebanks in Africa, and the systematic regeneration of stored material was sporadic (FAO, 2010) . Bias also occurred from exiting expertise and staff preference in setting germplasm regeneration priorities. Germplasm from some sensitive genera was not regenerated within the required timeframe, and the regeneration of clonal or outcrossing germplasm frequently lagged behind. Regeneration backlogs have been recognized in many genebanks for many crop species (Engels and Rao, 1998; Imperial College Wye, 2002; Fowler and Hodgkin, 2004; Hammer, 2004 ; Qualset and Fig. 1 . Illustration of the endowment funds required to ensure long-term conservation of (a) CGIAR's 745,000 accessions, (b) 7.4 million current worldwide accessions, and (c) 10 million anticipated accessions. In each panel, the required endowment fund is calculated to generate annual investment interest with an annual interest rate of 1, 2, 3, 4, or 5% to support the cost of conserving the fixed volume of germplasm with four annualized costs per accession (US$3.3, 15, 33, and 60 ). An endowment fund of $180 million is currently secured by the Global Crop Diversity Trust after 11 yr of fund raising. use and many others. All of these efforts were made as the result of many converging factors, including scientific consideration and political influence, to enhance the implementation of the Treaty to achieve its objectives. Political commitment under the Treaty needs to address many other critical issues in germplasm conservation other than genebank operations, and consequently, the political support for genebanks per se is diluted, and implemented policies become less favorable for germplasm conservation (López Noriega et al., 2013) . Considering the current economic uncertainties and the pressing need to address variable vulnerabilities due to climate change, it is challenging to strengthen political support and favorable policies for better genebank systems.
C4: Lack of Adequate Germplasm Evaluation and Characterization
Considerable efforts have been made to develop representative germplasm from large germplasm collections as core subsets for evaluation and characterization (Frankel, 1984; Brown, 1989) . The established core subsets have placed an important role in germplasm management and utilization (van Hintum et al., 2000) . However, the general lack of accession-level information on conserved germplasm is one of the major restraints to wider germplasm utilization (FAO, 2010; Khoury et al., 2010) . A majority of the conserved germplasm accessions are recorded only with basic germplasm descriptors such as passport data, and informative evaluation and characterization data are largely lacking for many genebank collections. The information on biochemical traits and disease resistance is highly relevant, but these evaluations are costly. Characterization for basic information such as plant height, flower color, and leaf size is largely ignored due to the lack of interest for use. The need to balance and harmonize phenotypic and genotypic information is obvious. Next-generation phenotyping of genetic resources has emerged to generate high-quality phenotypic and environmental information through computer image analysis (Cobb et al., 2013; Afonnikov et al., 2016) . Molecular characterization of conserved germplasm is useful and technically more feasible than before, thanks to the advances in next-generation sequencing (Kilian and Graner, 2012; Peterson et al., 2014) . Ideal characterization data should be similar to those generated in the USDA national maize inbred seed bank (Romay et al., 2013) , the rice (Oryza sativa L.) collection at the International Rice Research Institute (Li et al., 2014) , and the USDA soybean [Glycine max (L.) Merr.] germplasm collection (Song et al., 2015) . However, such evaluation and characterization efforts require substantial resources and funding support, and few genebanks in the world can afford such large efforts requiring germplasm evaluation and characterization. Adequate evaluation and characterizations, if performed, will generate considerable Shands, 2005; Dulloo et al., 2008) , and 37% of the surveyed genebanks still reported regeneration backlogs in 2010 (FAO, 2010) . However, little is known about the current extent of regeneration backlogs across the world's genebanks. According to the predicted longevity of seeds stored in genebanks for various plant species (Walters et al., 2005) , many germplasm accessions collected before 1980 are at risk of losing seed viability, and those acquired after 1980 may require timely viability testing for field regeneration. Given large volumes of ex situ germplasm, viability testing may also lag behind in under-resourced genebanks, and many accessions will be older than needed for regeneration in the coming decades. Any further regeneration delay will generate significant loss of unique ex situ genetic diversity, as regeneration delay behaves like a negative truncation selection on germplasm (Richards et al., 2010) . Even without regeneration delays, genetic erosion could still occur through genetic drift from the use of inadequate sample sizes for regeneration (Richards et al., 2010) . More challenging is the regeneration of germplasm accessions for cross-pollinating species, as it requires additional planning, care, and special techniques to ensure isolation of accessions (Richards, 2001) , and thus it is more difficult to maintain germplasm integrity (Chebotar et al., 2003; Krishnan et al., 2013) . Unfortunately, few efforts have been made to quantify the extent and rate of genetic erosion in an aged germplasm collection (Richards et al., 2010; Brown and Hodgkin, 2015) . These regeneration issues represent one of the major concerns in genebank management (FAO, 1998 (FAO, , 2010 .
C3: Diluted Political Support for Genebanks
The realization in the 1970s to 1980s of the importance of conserving plant germplasm prior to being lost gained tremendous political backing in support of the initial global germplasm conservation effort. However, the worldwide conservation effort has not pursued germplasm conservation through the establishment and maintenance of genebanks alone (Pistorius, 1997; Esquinas-Alcázar, 2005) . From 1961 to 2001, the effort also included the discussion, consultation, negotiation, and implementation of (i) financial support; (ii) conservation methods (ex situ vs. in situ); (iii) germplasm collection, management, and utility; (iv) germplasm exchange policy and legal right on intellectual property; and (v) the need to conserve crop wild relatives (CWR). From 2001 to 2016, the major efforts included (i) implementation of the Treaty; (ii) establishment of the Crop Trust as a guaranteed funding mechanism to secure plant genetic resources in the long term; (iii) negotiation of access and benefit sharing through the Multilateral System of the Treaty; (iv) development of germplasm status reports; (v) development of genebank standards to enhance genebank management; and (vi) consultations on sustainable germplasm volumes of data and may require an expansion of current IT infrastructure in genebank information systems (van Treuren and van Hintum, 2014) . Some international initiatives such as DivSeek have been proposed with the hope to facilitate germplasm characterization for better germplasm utilization, but the progress has been relatively slow due to political resistance and practical restraints, including financial support.
C5: The Challenge to Update Genebank Information Systems
Data management systems are essential for germplasm management and utilization (Fowler and Hodgkin, 2004; Qualset and Shands, 2005; FAO, 2010) . Many genebanks have developed their own data systems to manage germplasm. The quality of data management system varies among institutions, affecting germplasm utilization and assessment. A joint effort with the Crop Trust, Bioversity International, and USDA-ARS led to release of the GRIN-Global system in 2011. This system aims to provide the world's crop genebanks with a powerful, flexible, easy-to-use global plant genetic resource information management system. It will also constitute the keystone for an efficient and effective global network of genebanks to permanently safeguard plant genetic resources vital to global food security, and to encourage the use of these resources by researchers, breeders, and farmer-producers. The updated version has been widely evaluated and implemented in many genebanks around the world, improving the genebank capability to provide data to a global accession-level information system. To make germplasm more accessible, the Crop Trust also developed a global portal called Genesys, where genebanks from around the world can share information about their collections. It allows for an easy, one-click automated transfer and sharing of information from GRIN-Global to Genesys. All these efforts have strengthened the germplasm documentation and data management in genebanks. However, every genebank needs to update its IT infrastructure (servers, computers, and a backup power generator), including additional IT support (and IT competencies) just to maintain their current information. Currently, the GRIN-Global system does not handle large volumes of genomic characterization data, including DNA sequence information, and currently is not linked to genomic information databases. This limits ease of direct access and linking with genomic information to the information held in the GRIN-Global database. Future development of the GRIN-Global system to address interoperability with other information providers is essential to enable assembly and use of big datasets from high-throughput genotyping and phenotyping germplasm data. Effectively upgrading genebank information systems is a key challenge that must be addressed.
C6: Incomplete Diversity Coverage and Inadequate Genebank Capacity
With increased risk of within-genebank erosion in the absence of proper monitoring, some unique germplasm accessions will be lost (Brown and Hodgkin, 2015) , reducing the diversity coverage present in a genebank collection. As plant genetic diversity is not evenly distributed geographically, gaps are evident in every genebank, particularly for neglected and underutilized crop diversity and for CWR (Maxted et al., 2008a; Ramírez-Villegas et al., 2010) . Filling these gaps is not a straightforward task, as it requires different expertise and tools for taxonomic, genetic, ecogeographic diversity assessments to identify diversity missing in an existing collection and to develop an effective acquisition strategy. Filling collection gaps across nations is more challenging as international norms for genetic exchange become more restricted (Bretting, 2007) and requests for collection trips to access plant genetic resources to fill gaps may not always be granted. Unique germplasm in some unfilled gaps will be lost. Recent years have seen increased efforts to collect CWR germplasm (Maxted et al., 2008b; Castañeda-Álvarez et al., 2016) , as the threats of losing CWR are evident, particularly under global warming conditions (Thuiller et al., 2005; Nevo et al., 2012) . Additionally, the potential of CWR to enhance modern plant breeding has been recognized (Hajjar and Hodgkin, 2007; Ford-Lloyd et al., 2011) thanks to advances in biotechnology such as genome editing (Bortesi and Fischer, 2015) . Thus, the volume of germplasm collections is expected to increase in the next two decades, particularly for CWR (Maxted et al., 2008b; Castañeda-Álvarez et al., 2016) . Hopefully, the volume increase reflects increased representation of plant genetic diversity in genebanks.
Less attention has been paid to the capacity of existing genebanks in funding, resource and space allocation, and priority to handle the influx of new germplasm . It is more challenging to conserve CWR than crop plants (Schoen and Brown, 2001; Walters, 2015) , as CWR germplasm usually has variable dormancy and a low germination rate, sometime requires taxonomic evaluation, and may present a series of additional regeneration challenges such as different life cycle requirements and specialized pollinators Engels and Rao, 1998) . Many wild species are cross-pollinated such as wheat (Aegilops speltoides Tausch) (Zaharieva and Monneveux, 2006) . Regenerating cross-pollinated, related species offers specific challenges (Chen et al., 2004) . For example, CWR of rice typically produce low seed yields and exhibit high degrees of shattering, such that large accession plots must be planted to produce adequate amounts of seed. Thus, many genebanks may not have sufficient capacity to maintain both old and newly acquired germplasm, affecting the efficacy of long-term germplasm conservation. With limited funding, genebanks are challenged to conserve the increased volume of CWR germplasm. The question that follows is how to empower our genebanks.
C7: Deteriorating Genebank Support from Stakeholders
A genebank is established to secure diversity and be used freely by stakeholders, including public and private plant breeders, researchers, and educators, to benefit general public. Some studies (Dudnik et al., 2001; Dulloo et al., 2013) have shown an increase in the use of conserved plant genetic resources. The use is shifting from breeding and traditional genetic diversity assessments to a major focus on research on agromorphological, quality traits as well as quantitative trait loci and mapping studies to investigate specific traits or genes. This is consistent with the increased germplasm distributions around the world (Khoury et al., 2014; Kurtz et al., 2015; Galluzzi et al., 2016) but contradicts the misperception that the germplasm conserved worldwide is generally underused, as a benchmark for the expected level of germplasm use is undefined for comparison. Given increased use of conserved germplasm, one would expect strong twoway interactions between genebank and stakeholders or enhanced user relationships with germplasm collections. However, the private sector has more focus on the conservation and utilization of privately held genetic resources and less support for the public genebank systems, as evident in the annual financial reports of the Crop Trust. In addition, less participation by the private sector in the Multilateral System of the Treaty was reported (Chiarolla and Shand, 2013), as many critical issues raised by industries in changing to the Treaty's Standard Material Transfer Agreement (SMTA) for germplasm use have not been resolved. Many stakeholders are mainly interested in germplasm for economic potential and do not provide supports for genebank management and long-term conservation (Qualset and Shands, 2005) . For example, some stakeholders often requested core collections to screen for traits of interest, but their evaluation data were rarely reported back to genebanks for future use. There is some truth that constraints in germplasm availability and use affected the extent of germplasm utilization , but few have recognized that the dilemma of one-way interaction with stakeholders actually highlights another weakness of the ITPGRFA-influenced genebank systems (Foltz, 2009; Chiarolla and Shand, 2013) . Charging for germplasm, which is not supported by the Treaty, may not necessarily gain more support than the current genebank system with one-way free ride by users. Given the unresolved issues on the Treaty's SMTA, it is challenging to seek support for public genebanks from stakeholders, particularly from the private sector.
C8: Unbalanced Support of Research
The success of long-term germplasm conservation will depend on the knowledge acquired, the technologies developed for germplasm conservation (Frankel, 1984; Brown, 1989; van Hintum et al., 2000) , and how these can be applied. This requires comprehensive and integrated research programs to improve our knowledge about germplasm storage, seed viability, regeneration, and development of effective tools to evaluate and monitor germplasm viability. However, the role of supportive research in long-term germplasm conservation is deteriorating in many genebanks. Due to budget restraints, many genebanks have rationalized the element of supportive research to a lower priority, and some even carry no mandate for supportive research for genebanks. The Germplasm Resources Unit at the John Innes Centre in Norwich, UK, is a good example, with the development of a national capability supported by the Biotechnology and Biological Sciences Research Council only for the curation, promotion, and dissemination of plant germplasm collections. Thus, supportive research in many genebanks has shrunk and became more selective than before. Many active research programs in genebanks are more aimed at germplasm utility with basic characterization to generate accession-level information, but less toward the issues associated with germplasm conservation per se. The Crop Science Society of America's Grand Challenges on Bioresources (Lauer et al., 2012) aims to genotype the major crop germplasm collections to facilitate identification of gene treasures for breeding and genetics research and deployment of superior genes into adapted germplasm around the globe. The specified seven key questions and expected four outcomes provide some guidance into research on germplasm utilization for genetic improvement of important traits. Recent international efforts on the DivSeek initiative follow the same line of arguments for research aimed to mine useful genes from diverse genebanks for accelerated breeding . It is important to pursue research to minimize prebreeding gaps for exotic germplasm use and to realize the value and benefit of germplasm conservation (Tanksley and McCouch, 1997) . However, inadequate research efforts have been directed toward the efficacy of maintaining and monitoring longterm seed viability (Fu et al., 2015) and the improvement of germplasm management to minimize within-genebank genetic erosion . Much less attention is paid to research on seed biology under long-term storage and genetic integrity over long-term conservation (Li and Pritchard, 2009; Richards et al., 2010) . It is important to monitor germplasm viability under long-term cold storage, like those at the Svalbard Global Seed Vault in Norway. Much more research is required to develop new preservation technologies, particularly for nonorthodox seeds and vegetatively propagated plants, including in vitro methods and cryopreservation (Scarascia-Mugnozza and Perrino, 2002; Walters et al., 2013) . Innovations in plant cryobiology over the last 30 yr have shown the promise of cryopreservation as the most efficient method to preserve viability of nonorthodox germplasm (Li and Pritchard, 2009; Engelmann, 2011; Pence, 2011; Chaudhury and Malik, 2016) . Conservation-related research will contribute to better-quality management systems and to management of germplasm with unique biological properties and requirements over the long term.
C9: Lack of Professional Training in Germplasm Conservation
Plant germplasm conservation, like plant breeding, is the art and science of conserving plant genetic resources for the benefit of genetic improvement of crop plants in present and future generations. Germplasm conservation can be accomplished through ex situ and in situ methods. Researchers and staff involved in germplasm conservation come from a variety of fields including plant systematics, population genetics, molecular biology, plant physiology, plant pathology, plant ecology, physical chemistry, computer science, legal science, economics, and political science. To our knowledge, there is no specific institute that provides comprehensive professional training in germplasm conservation. A 1-yr Master of Science program on plant genetic resources had been offered since 1969, under the direction of Professor Jack Hawkes, at the University of Birmingham, UK, but was terminated a few years ago. Currently, only a few universities in the world offer courses of plant genetic resources and provide limited germplasm conservation trainings. Without adequate professional training, new staff has to acquire knowledge and gain experience in germplasm conservation only through mentoring and self-study on site. The initiative of the System-Wide Genetic Resources Program of CGIAR to develop a crop genebank knowledge base for information sharing is a commendable effort to facilitate easy access to the knowledge and best practices for genebank management of selected crops for more efficient and effective conservation . More and more curators and researchers working in genebanks since the 1970s have retired or will retire, and some useful knowledge and experience in germplasm conservation are being lost without taking advantage of on-the-job training by senior staff. It will be difficult to recruit knowledgeable curators with taxonomic background, crop expertise, and experienced seed physiologists to work for genebanks in coming decades. Lack of professional training may not be unique in the discipline of germplasm conservation, but it has the potential to lower the efficiency over time of longterm germplasm conservation. Investment in professional training will enhance genebank sustainability.
C10: Genebank Collapse Is Not a Tale
A genebank, like other institutions, will suffer catastrophic events and can collapse (Seabrook, 2007; Gewin, 2015) . The germplasm collections at the N.I. Vavilov Institute of Plant Genetic Resources (VIR), Russia, were substantially damaged during World War II. The war of independence in Guinea-Bissau (1962 -1975 , the civil war in Liberia (1989 Liberia ( -1996 , and the insurgency of the Revolutionary United Front in Sierra Leone (1991 Leone ( -1997 have shown catastrophic impacts on their seed systems and plant genetic resource management in Africa (Richards and Ruivenkamp, 1997). Afghanistan's genebank in Kabul was destroyed in the 2001 overthrow by the Taliban, and originally hidden germplasm was looted in 2002 (Raloff, 2002) . None of the 1400 crop varieties stored in Iraq's Abu Ghraib national genebank, near Baghdad, was thought to have survived the 2003 Iraq War if they did not have a safety backup in other institutions (Clarke, 2003) . Due to civil war in Syria, the genebank at the International Center for Agricultural Research in the Dry Areas (ICARDA) in Aleppo was relocated in 2016 to Terbol, Lebanon (Bhattacharya, 2016) . Fortunately, much of the ICARDA collections were safely duplicated, mainly at the Svalbard Global Seed Vault. Natural disasters can also destroy genebanks (Seabrook, 2007) . Nicaragua lost its national seed bank in the 1971 earthquake. Hurricane Mitch in 1998 demolished the national seedbank of Honduras. The Thai genebank was flooded in 2011, and some of the 20,000 unique rice accessions were lost forever. The Philippines' national genebank with 45,000 accessions at Los Baños was damaged by flooding from the 2006 typhoon Milenyo and was again destroyed by fire in January 2012 (Gewin, 2015) . Clonal germplasm in the Tropics is significantly at risk of destruction due to increased frequency of flooding, typhoons, and other weather-related disasters. These risks were the rationalization for constructing the Svalbard Global Seed Vault in 2006 for long-term safety backup of valuable germplasm, but the risks have not disappeared.
ANALYSIS OF VULNERABILITY FOR GERMPLASM CONSERVATION
Given these issues in genebanks, one may not have difficulty reasoning that all 1750 public and private genebanks in the world are not risk free, nor is a well-run genebank an ironclad guarantee against extinction (Possehl, 1993; Aldhous and Dorozhinski, 1994; Imperial College Wye, 2002; Perrino, 2005a; Qualset and Shands, 2005; CGIAR, 2012) . Thus, a vulnerability analysis for germplasm conservation becomes essential for the sustainability of genebank systems. Some effort has been made to develop procedures for risk assessment and risk management analysis in genebanks (Romero et al., 2010) , but little is known about the implementation of risk management across the world's genebanks. For example, the breakdown of the cooling system at the Italian Bari genebank in 2002 due to a security system failure (Perrino, 2005a) can occur in every genebank, but little is known about the frequency of such breakdowns and their duration at a world genebank level, the impact on seed viability of stored germplasm, and the actions taken to minimize specific risk. However, vulnerability may vary for many genebanks, as they have different missions, approaches, resources, governances, and funders. Our intention here is not to provide a vulnerability assessment for specific genebanks like those commendable implementations in USDA National Plant Germplasm System (P. Bretting, personal communication, 2016) , nor for specific germplasm collections (Volk et al., 2014) , but to reason what are the possible influencing elements that could threaten genebank sustainability as a whole in an evolving society with political and economic uncertainties. The identified issues all point toward the question of genebank sustainability.
To facilitate the vulnerability analysis, we configured a model for an ideal sustainable genebank system (Fig. 2a ) to achieve the long-term goal of conserving and utilizing plant germplasm. The model has three elements of germplasm, management, and stakeholder as core integrated operators to deliver genebank value and six elements (the Treaty, political environment, public investment, genebank infrastructure, personnel, and technology) to provide concerted support for genebank operation. The modelled sustainable genebank assumes the long-term ability to conserve plant viable germplasm for stakeholders under the Treaty through sufficient concerted support from strong political backing, sufficient investment, solid infrastructure, trained personnel, and advanced technology (Fig. 2a) . The Treaty established is largely based on the premise that plant genetic resources are public goods and their conservation is a form of societal insurance, as stated by Perrings (1995) , and represents the political commitment, along with long-term public investment on genebank infrastructure and resources, to support longterm genebank operations. Thus, plant genetic resources and genebank sustainability can be established, at least theoretically, as shown in Fig. 2a . Practically, however, the model may not always be stable with the constant changing of some supportive elements, particularly when an increased volume of germplasm is conserved over time. Two critical elements of the model (political environment and public investment) are expected to change in an evolving society with fluctuating economics, reflecting the major weakness of the Treaty-based genebank model. Also, private incentives for the conservation of genetic resource as public goods are not strong for achieving public objectives, further narrowing the sources of financial support for public genebanks.
Based on the challenges as identified above, our overall assessment of current genebank status with respect to the presented model is that genebanks around the world Fig. 2 . A model of an ideal sustainable genebank system and the assessment of current status. (a) The model for a sustainable genebank represents the efficient genebank management of plant germplasm for stakeholders under the Treaty through sufficient support from political environment, public investment, solid infrastructure, trained personnel, and advanced technology. (b) Current genebank operation is generally under stress, largely from inadequate public investment, weakened political support, and insufficient stakeholder engagement, whereas infrastructure, research for technology, and genebank staff are deteriorating to various degrees, and consequently some germplasm is being lost. The 10 most challenging issues (C1-C10) are related with elements. The differential colors from blue to red are used to roughly represent the deviations of model elements from the stable (blue) to the unsatisfactory (yellow) or critical (red) conditions. are generally under stress, largely from inadequate public investment, weakened political support, and insufficient stakeholder engagement (Fig. 2b) . At the same time, the elements for supportive research for technology and genebank staff are also deteriorating. Consequently, some conserved germplasm is being lost (C10; FAO, 2010) . To some extent, such a stress situation is not surprising; as conserved germplasm volume increases, so do conservation costs and support. As shown in C1 above, however, public investments in genebank systems have not increased at the same pace as the increase of germplasm accessions in the systems. Society is evolving, with considerable political and economic uncertainties arising in many countries around the world. Many governments have been stretched to meet their many commitments, partially explaining why the support for genebanks is deteriorating. As illustrated in C7 above, the private sector is not actively supporting the public genebank systems, and most stakeholders do not provide support for genebank management and long-term conservation. The lack of sufficient support has affected every corner of genebank operations (Fig. 2b) , explaining the risk of genetic erosion within genebanks.
Although this general assessment may not be fully accurate and may carry biases from personal observations and literature research, it represents an important initial step in the right path to provide for genebank sustainability and demonstrates the need to address critical issues for long-term germplasm conservation. Based on the analysis above, however, it is not difficult to predict that the world's genebanks will continue to operate under stress for a long period of time, as it is difficult to reason that the major elements mentioned above would change positively in the near future. Genebank restructuring at the institution level may continue to occur in some genebanks to enhance genebank management efficiency. For example, the Italian Bari genebank was involved with the scientific and administrative restructuring of the network of the Italian National Research Council in 2002 and 2013 to enhance germplasm conservation. Similarly, an integrated EU Plant Germplasm System, consisting of separate national plant germplasm system units coordinated by the European Cooperative Programme for Plant Genetic Resources, was proposed to address the challenges in germplasm conservation and use (Frese et al., 2014) . Genebank transformation in partnership with the private sector might also occur in the future to secure long-term supplemental financial or in-kind support for genebank operations.
The general assessment and predictions all point to an elevated risk of genetic erosion within genebanks without timely monitoring and solutions (Zohrabian, 1995; Perrino, 2005a Perrino, , 2005b Brown and Hodgkin, 2015) . Many irreplaceable accessions will be lost with continuous lack of or delayed viability testing and field regeneration with adequate sample size (Qualset and Shands, 2005; Richards et al., 2010) . The genetic integrity of a sample will deteriorate over long-term conservation from untimely or inadequate field regenerations with limited sample size Richards et al., 2010) and from long-term accumulation of mutations (Schoen et al., 1998) . The conservation goal for viable germplasm over future generations would be compromised, unless proper measures are developed and acted on in time to mitigate all identified threats.
SEARCH FOR EFFECTIVE MEASURES
The analyses of challenges and vulnerability revealed many critical issues, genebank system weaknesses, and the risk of genetic erosion within genebanks. Thus, effective measures should be explored to mitigate current and future threats to genebank systems for sustainable germplasm conservation and utilization. The sustainable genebank model (Fig. 2a) does not specify the complex interrelationships among elements, but it can be used as a general guide to address element-wise vulnerability.
The risk of genetic erosion in today's genebanks can be minimized with efficient genebank management. Lessons can be learned and implemented from the evolution of VIR, Russia, over the last 100 yr, particularly the catastrophic impact of World War II and the collapse of basic funding in the early 1990s (Zohrabian, 1995; Loskutov, 1999) . It is critical for every genebank to implement, albeit voluntarily, genebank standard procedures for plant genetic resources for food and agriculture developed by FAO (2013) , as these establish the benchmarks for scientific and technical best practices currently available. It would also help genebank managers to strike a balance between genebank objectives, resources available, and conditions. However, the adoption of these standards may be difficult for some genebanks, particularly for developing countries with limited capacities and inadequate infrastructure (Borokini, 2013) . Some genebanks will operate under the stress of limited financial resources, will need to be restructured at an institution level, or will even be required to transform in different ways including partnership with the private sector. In these events, prioritizing genebank activities becomes critical to secure and maintain the conserved germplasm. For example, a genebank manager could prioritize genebank activities as suggested in Fig. 3 and address the first five priorities, depending on the degree of financial stress, up to Priority 3 with the first five activities in a restructuring mode, and up to Priority 2 with maintenance, regeneration, or data management in a genebank transformation. Genebanks with different missions may prioritize genebank activities differently to address financial stress.
It is difficult to predict when a genebank will be damaged or destroyed by natural disasters such as earthquake, hurricane, typhoon, and fire or calamities due to human activities. All genebank infrastructures need to be assessed on their risk of damage from natural disasters, and lessons can be learned to minimize such threats from the past damages such as those from Nicaragua's earthquake, Honduras's hurricane, and the Philippines' typhoon. Genebank damages from civil unrest and wars are also expected but can be minimized. The successful transfer of 1400 valuable Iraqi varieties in 2003 to ICARDA, Syria, demonstrates effective measures taken to minimize germplasm loss. The safety backup of the most valuable germplasm accessions in other genebanks, or the Svalbard Global Seed Vault, is another effective measure that can avoid a complete genebank collapse. All genebanks in the world should apply this safety measure to secure the most unique germplasm (Westengen et al., 2013) .
According to our analyses above, it is clear that we are far away from achieving a sustainable genebank system for the objectives of the Treaty. The long-term conservation of valuable germplasm remains uncertain after 50 yr of conservation effort. However, there are several options we can creatively explore toward a sustainable genebank system. Genebank sustainability will not be achieved without a secured long-term financial support (Qualset and Shands, 2005) . Acquiring sufficient financial support, even with the Crop Trust, is the most difficult task and requires a concerted effort from all parties, including government, stakeholders, and the general public. Partnerships with the private sector to supplement funding or in-kind support for genebank activities could be an alternative to explore (Virchow, 1999) , as private plant breeding will widely expand with advanced biotechnologies and use more conserved germplasm in public genebanks (Gepts and Hancock, 2005) . Also, the privatization (or commodification) of crop diversity in some aspect with respect to access and benefit sharing has been raised for discussion to improve international governance of crop diversity (Foltz, 2009; Chiarolla, 2011) . Consolidation or restructuring among 1750 genebanks could be another useful consideration to make some genebanks sustainable, if an effective international germplasm exchange policy is well established and national access to plant genetic resources is secured. Public awareness campaigns should be strengthened (Gepts, 2006) to demonstrate the risk and vulnerability of losing genetic diversity either held by genebanks or not yet conserved, and to realize the long-term benefit of protecting irreplaceable germplasm. Genebank operations should be further improved to minimize within-genebank genetic erosion and maintain germplasm integrity over time through the prioritization of various genebank activities and the training of skilled staff (FAO, 2013) . As indicated in C8, supportive research is required to develop innovative technologies to advance germplasm conservation and should be balanced for both germplasm utility and genebank efficiency in the long-term maintenance of germplasm integrity (Walters et al., 2008) .
SUMMARY
After 50 yr of conservation effort, long-term conservation of a large volume of diverse germplasm continues to be recognized as a challenging mission. Long-term genebank sustainability remains uncertain unless sufficient funding support is secured. The threats for germplasm conservation and the risk of within-genebank genetic erosion are largely understated. Mitigating variable threats to genebank sustainability would go a long way to secure a food supply for future generations of humanity. Fig. 3 . Major genebank activities and their management priorities (1-5) for an effective genebank management under financial stress (up to Priority 5), restructuring (up to Priority 3), and transformation (up to Priority 2). The priority setting largely followed the US National Plant Germplasm System (credit to Dr. Peter Bretting). Genebank maintenance is the most important with the management Priority 1, followed by germplasm regeneration and data management with Priority 2, germplasm distribution and acquisition with Priority 3, germplasm characterization and evaluation with Priority 4, and supportive research and germplasm enhancement for breeding with Priority 5.
